Abstract. This paper is centred on a compact finite differences method for the calculation of twodimensional viscous flows through complex geometries. The immersed boundaries are set through body forces that allow for the imposition of boundary conditions that coincide with the computational grid. Two different flow configurations are simulated. First, the flow past a cylinder with square cross-section inside a plane channel is calculated. The computed average drag coefficient and Strouhal number are compared to data available in the literature. The agreement between the results is good. The second flow configuration analyzed is the flow through a porous matrix composed of equal size staggered square cylinders. Flow visualization results are shown. The work presented in this paper illustrates the potential of the immersed boundary method in general and of this implementation in particular to simulate the flow through porous matrices.
Introduction
Complex flows through porous media are a challenge to study experimentally due to the complex geometries and also the opacity of most materials [1] . The problem with the complexity of the geometries involved remains when approaching the problem numerically, and using an immersed boundary method (IBM) is one possible way to tackle the problem. By doing so, the pore-level characteristics of the flow through porous media can be obtained. There are examples of DNS simulations of flow through porous media (e.g., [2] [3] [4] ). Usually, they deal with relatively simple geometries and use boundary fitted grids. When using the boundary fitted curvilinear method and unstructured mesh technique two significant disadvantages arise. First, fitting a grid to a complex geometry prevents the use of simple orthogonal grids. Second, generating a boundary fitted grid for a complex geometry can be extremely time consuming and difficult [5] . The use of IBM on Cartesian grids is an alternative that requires no grid generation task. In IBM, the presence of solid boundaries inside the domain is accounted for by appropriate body forces that are imposed so that boundary conditions are applied inside the computational grid. This paper presents compact finite differences method for the calculation of two-dimensional viscous flows in a staggered array of cylinders with square cross-section. The cylinders are numerically accounted for by an immersed obstacle implementation. Square cylinders were chosen for the present study because the expressions for the forcing are accurate if the position of the unknowns on the grid coincides with that of the immersed boundary. This is the case for the cylinders with square cross-sections.
Before applying the immersed boundary method to the staggered array of cylinders, the flow over a single square cylinder is used to compare the present method to data available in the literature. After this, results of flow visualization are presented for the staggered array of cylinders.
Numerical Method
A compact finite differences method is used for the calculation of the two-dimensional viscous flow in a staggered array of square cylinders. The unsteady, incompressible Navier-Stokes equations are solved in a Cartesian staggered grid with fourth-order Runge-Kutta temporal discretization and fourth-order compact schemes for spatial discretization, used to achieve highly accurate calculations. Body forces allow for the imposition of boundary conditions that coincide with the computational grid used to define the porous media. An implementation of the forcing of [6] is used in order to implement the immersed boundary. Due to space limitations, the reader is redirected to the paper of Ferreira de Sousa et al. [7] for a detailed description of the implementation.
Validation of the Method
The present numerical code is first validated by comparing the results for a single cylinder with the results of Breuer et al. [8] .
Computational Domain and Geometrical Details. The flow is set to flow inside a plane channel with height H. A 2D cylinder with square cross-section is placed centred inside the channel. The blockage ratio B is defined as D/H, where D is the cylinder diameter. The blockage ratio is constant at 1/8. The total length of the channel depends on the grid used, but is set as at least L/D=63, appropriate dimensions to reduce the influence of inflow and outflow boundary conditions. The cylinder is placed at an inflow length of l=L/4. A fully developed laminar flow channel flow is considered at the inlet of the channel.
Several parameters including the critical Reynolds number and the Strouhal number are known to be strongly dependent on the blockage ratio and inlet velocity profile. This shows the importance of replicating the conditions found in the literature in order to obtain a meaningful and accurate comparison.
Grid Independence. The effect of varying the mesh resolution has been investigated, in order to obtain suitable confidence in the independence of the grid and solution. The time averaged drag coefficient is chosen due to its viscous and pressure components, and therefore a sensitive parameter to grid refinements. The percentage differences compared to Breuer et al. [8] is shown in Fig. 1 . The finest grid shows a percentage error within 10% of the reference. Simulations with a more refined grid are in progress to further reduce the error. However, the agreement of the results obtained by the finest mesh and the ones of Breuer et al. [8] is already good.
Results and Discussion. The results obtained for Reynolds number range 50 ≤ Re ≤ 300 have been studied and analysed for a single cylinder. Note that the Reynolds numbers is defined with the maximum velocity of the inflow profile. The discussion will compare the flow characteristics with streamline plots, the effects of varying Reynolds number on force coefficients and dimensionless numbers.
Streamline Plots. Streamline contours obtained by the finest mesh for Re=50, 80, 133, 200, and 267 are shown below. At Re=50, the two symmetrical recirculation regions (recirculation bubbles) indicate a steady stationary regime as the force coefficients show a steady state behaviour. No separation is observed at the leading edges, and the flow downstream of the cylinder is comprised of a symmetrical and steady wake. An attached laminar boundary layer is observed on the top and bottom of the cylinder.
Increasing the Reynolds number past the critical value, the unsteady periodic vortex shedding phenomenon is triggered. The vortex shedding phenomenon is characterised by the periodic vortices. For the analogous case of a circular cylinder, this is thought to be a manifestation of a Hopf Bifurcation from stability theory [9] , and this same reason is thought to be the reason for vortex shedding in square cylinders [8] . 
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Further increase in Reynolds number leads to leading edge separation, and recirculation can occur on the upper and lower surface of the cylinder, as is the case for the Re=200. This is known to have a strong influence on the frequency of the vortex shedding [8] , and will be analysed in further detail later. Lastly, the visual increase of the vortex shedding wavelength with Reynolds number can be clearly observed. All throughout there is good agreement with the flow pattern available in the literature.
Time averaged drag coefficient. The time averaged drag coefficient is shown in Fig. 3 . In comparison to the reference in Breuer et al. [8] , the curves show the same trends, with a minimum at approximately Re=150. The lack of additional studies and experimental work in the literature for this geometry and setup do not allow for any further comparison.
Strouhal Number. The transient nature of the flow past a bluff body such as a square cylinder produces interesting time dependent flow fields. Fig. 4 shows the time dependent and periodic variation in the drag coefficient of cylinder once the numerical simulation has achieved convergence and a steady state. A Strouhal number analysis is therefore highly valuable. The Strouhal number is defined here with the vortex shedding frequency and maximum velocity at the inflow plane.
The dominant frequency here is calculated with a Fast-Fourier Transform method. The lift coefficient is used to compute the Fourier transform. The comparison with the reference case is shown in Fig. 5 . The refinement in grid resolution shows the results are getting closer to the Strouhal number found in Breuer et al. [8] . The further refinement in mesh resolution should approximate the two results. However, the agreement of the results with the finest grid and the ones of Breuer et al. [8] is already good (within 8%). Vortex shedding was first observed at Re=60.
The curve shows a peak in the Strouhal number until about Re=160, where an increase in Reynolds number shows a rapid decrease, followed by a stabilisation with Reynolds number. Again, all curves show an identical trend, with the highest resolution showing best agreements with the available literature. The coarsest grid here still appears to capture the change in the flow field caused by the onset of leading edge separation, when compared to the results of even coarser grids shown in Breuer et al. [8] . 
Flow through an Array of Cylinders
The flow through a staggered array of cylinders was simulated in order to illustrate the possibilities of using the present code for the simulation of flow through porous media. Six bi-dimensional cylinders with square cross-sections and equal sizes compose one out of eight rows. Both spacings between each cylinder in a row and between rows were set to 2 times the cylinders diameter. The cylinders are confined inside a plane channel and the Reynolds number is set as 80. Dirichlet boundary conditions are imposed at the walls; a fully developed laminar flow channel flow was prescribed at the inlet and open boundary conditions at the outlet of the channel. Once again, appropriate dimensions to reduce the influence of inflow and outflow boundary conditions were considered. An inflow length of 10 diameters and a total channel length of at least 35 diameters were chosen.
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Summary
A two-dimensional compact finite difference immersed boundary method is used to simulate two different flow configurations. The flow over a square cylinder inside a plane duct was chosen to compare the results of the present method with the ones from other authors. The averaged drag coefficient and the Strouhal number for different Reynolds numbers in the range of 50 to 300 are compared to the data of Breuer et al. [8] . The agreement between the results is good.
The simulation of the flow through a staggered array of square cylinders was also performed. Flow visualization is presented for a Reynolds number equal to 80. The work presented in this paper is still on-going, but the potential of the immersed boundary method to simulate the flow through porous matrices is clearly shown.
